Here we explore how fossil cheilostome bryozoans can demonstrate El Niño/La Niña-Southern Oscillation (ENSO) variability in ancient tropical environments of the tropical eastern Pacific and southwestern Caribbean when used collectively to produce frequency distributions of estimates of mean annual ranges in temperature (MARTs) via zooid-size MART analysis (zs-MART). The approach is based on linking variation in the sizes of constituent zooids in bryozoan colonies with the temperature regimes in which the zooids developed. The shapes of frequency distributions of zs-MART estimates from modern environments are consistent with known upwelling and non-upwelling environments and ENSO variability. Data from fossil colonies provide evidence that ENSO variability characterized Caribbean environments in what is now present-day Panama during the Miocene and Pliocene (thus supporting neither a permanent El Niño nor a permanent La Niña in the Pliocene), but not the Pleistocene after the Isthmus of Panama closed. Western Atlantic data provide further evidence for ENSO variability in the Pliocene of Florida but not Virginia. Our study shows the potential of bryozoan assemblages to infer variation in seasonal regimes thus encouraging the further development of this proxy for inferring ENSO variability.
The ability to infer the quasi-periodic climate patterns expected from the El Niño/ La Niña-Southern Oscillation (ENSO) is of great importance if we are to better understand the wider impacts of present-day and future global climate regimes. Extreme weather and changes in ocean circulation linked with the El Niño cycle are responsible for collapses in South American fisheries (e.g., Arntz and Tarazona 1990) , droughts and fires, monsoons and tropical cyclone activity in Australasia (Evans and Allan 2006, Nicholls and Lucas 2007) , cycles of malaria in India and South America (Kovats et al. 2003) , and may increase the risk of civil wars in tropical countries (Hsiang et al. 2011) . There is some evidence that ENSO variability is influenced by global warming and that more frequent and stronger El Niño events may pertain in the future (Zhang et al. 2008 , Yeh et al. 2009 ) with potentially far-reaching consequences. The existence of the El Niño cycle in ancient environments is therefore of considerable applied interest because these environments may serve as analogues for future conditions. In this respect it is widely appreciated that the climate during the Pliocene Warm Period is of particular relevance because it was a time of sustained global warmth when the land-sea configuration, continental positions, patterns of ocean circulation, and biota were similar to the present day (Dowsett and Robinson 2009) . Evidence that the Pliocene Warm Period was characterized by a permanent El Niño (Wara et al. 2005 , Fedorov et al. 2006 or a permanent La Niña (Rickaby and Halloran 2005) has therefore attracted considerable attention, but paleoclimatologists have thus far failed to concur.
Proxies that have been used to characterise El Niño events in past environments include measurements of organismal growth, skeletal isotopic composition, and life histories associated with organisms such as trees, diatoms, bivalves, corals, and foraminifera (e.g., Conroy et al. 2009 , Khider et al. 2011 , Li et al. 2011 , Welsh et al. 2011 . The underlying rationale is to obtain evidence for inter-annual variability in temperatures consistent with departures from long-term average temperatures. Thus, El Niño and La Niña events are characterized respectively by elevated or reduced temperature regimes relative to long-term averages in some specified region of the ocean.
Despite this, remarkably little evidence of ENSO variation in ancient environments has been gathered. Annual growth increments and geochemical signals in corals (Watanabe et al. 2011) , growth increments in bivalves and wood (Ivany et al. 2011) , and combined geochemical data from foraminifera (e.g., Halloran 2005, Wara et al. 2005) are among the exceptions. Here we examine whether fossil cheilostome bryozoans can provide a novel proxy for inferring ancient ENSO variability when used collectively to produce frequencies of estimates of mean annual ranges in temperature (MART). The method we develop offers the advantage of incorporating data from numerous specimens-an approach similar to that recently developed for analyzing distributions of δ 18 O measures from individual foraminiferal skeletons (Khider et al. 2011) .
The rationale used here is that an absence of ENSO variability will be exhibited by a normal distribution of MART estimates obtained from bryozoan assemblages, reflecting convergence on a single value for MART in a given environment. However, the inter-annual variation in temperature regimes associated with ENSO variability should be characterised by values that include low MART estimates reflecting periods when either warmer or cooler temperatures predominate throughout the year (associated with El Niño and La Niña events, respectively) and higher MART estimates reflecting greater intra-annual variation in temperature for transitional (i.e., years bounding ENSO events) and "normal" periods. Given such a regime, ENSO variability should be reflected by a relatively broad range of MART values arising from different years. Distributions of such MART values are likely to show little central tendency and instead may be described by relatively large negative kurtosis values (resulting from flat distributions), by relatively large negative or positive values of skewness (resulting from left or right skewed distributions, respectively), or bimodality (resulting from the record of two extreme climates reflecting years affected and unaffected by ENSO events).
Here we examine whether the distributions of MART estimates obtained from time-averaged bryozoan assemblages from Panama can be used to provide evidence for ENSO variability in material collected from late-Miocene to Pleistocene environments of the tropical eastern Pacific (TEP) and southwestern Caribbean (SWC) . We also analyze data available for present-day bryozoan assemblages from these Panamanian environments since ENSO variability is now absent in the SWC (Kaufmann and Thompson 2005) , but may be expected in the Gulf of Panama (TEP) given the evidence for periodic upwelling in similar sites in the region (GonzalezSilvera et al. 2004 , Palacios and Bograd 2005 , Karnauskas et al. 2008 . In addition to determining whether distributions of bryozoan-derived MART estimates may inform on ENSO variability, our data allow us to test the controversial hypotheses that the Pliocene Warm Period was characterized by (1) a permanent El Niño (Wara et al. 2005 , Fedorov et al. 2006 or (2) a permanent La Niña (Rickaby and Halloran 2005) .
Methods
Using Bryozoans to Estimate MART.-Bryozoans are colonial, suspension feeding invertebrates common in benthic assemblages. There are some 6000 described species at the present day (Gordon et al. 2009 ) and most belong to the order Cheilostomata. Colonies of cheilostomes are comprised of asexually budded zooids that are reinforced by skeletal walls composed of calcitic and/or aragonitic carbonate (McKinney and Jackson 1989) . Zooid sizes are fixed at budding (Fig. 1) and their size varies as a function of seawater temperature according to the temperature-size rule (see below). This temperature-dependency of zooid size can therefore provide an indirect record of the seasonal temperature regime experienced by individual colonies. The zooid-size MART (zs-MART) approach uses a predictive model to infer MART (O'Dea and Okamura 2000a ). This predictive model is based on the empirically derived relationship of the mean coefficient of variation (CV) of zooid size and MART. The CV of zooid size was calculated from 157 colonies of 29 cheilostome species collected from a variety of environments from tropical to polar regions, and the MART associated with each colony calculated by averaging the differences in annual variation in benthic temperatures obtained from direct thermal measurements from locations close to where the colonies were collected. Algebraic rearrangement of the regression that describes the relationship provides a model for predicting MART as: MART = −3 + 0.745(b), where b is the mean intracolonial CV of zooid size. The regression that provides the basis for this model has 95% confidence limits within ±1 °C across the entire temperature range (see fig. 2C Okamura et al. 2011 for review) . The range of environments so characterized demonstrates that the approach can be informative even in, for example, some tropical regions experiencing little annual variation in temperature (e.g., the Caribbean coast of Panama (O'Dea and Jackson 2002). However, zs-MART data have not been used collectively to demonstrate interannual variability in seawater temperature regimes by analyzing frequency distributions as done here.
Data for MART inferences are based on measurements of zooid size as estimated by the frontal area of autozooids (normal feeding zooids), calculated as the product of maximum length and width (Fig. 1) . It is of utmost importance to adhere to strict criteria in data collection (O'Dea and Okamura 2000a, Okamura et al. 2011 ). Thus, we measured the maximum lengths and widths of 20 randomly-selected autozooids per colony. These zooids were required to be part of the basal series of zooids (not frontally budded), to show unimpeded growth and to be outside of the zone of astogenetic change (avoiding early colony growth stages when zooids are small). Colonies chosen for measurement were required to offer at least 30 ontogenetically complete autozooids and to show growth that was not influenced by substratum irregularities or competition with other sessile organisms. They also needed to have clearly delimited zooid margins for measurement and no evidence of distortion in dried material.
The inverse relationship between body size and temperature, known as the temperaturesize rule (Atkinson 1994) , is widely regarded as a universal phenomenon describing ectotherms. Although the mechanistic basis is subject to debate (see Okamura et al. 2011 for review), the generality of this inverse relationship enables a means of inferring temperatures based on body size. For colonial animals like bryozoans, the relationship is expressed at the zooid level, and there is a reasonable body of evidence that zooid size is indeed inversely related to temperature. This evidence comes from diverse laboratory-reared material (e.g., Menon 1972 , Hunter and Hughes 1994 , Atkinson et al. 2006 , Amui-Vedel et al. 2007 , O'Dea et al. 2007b , diverse field-collected material (e.g., Okamura 1987 , O'Dea and Okamura 2000b , 2000c , O'Dea and Jackson 2002 , O'Dea 2005 , Lombardi et al. 2006 , and the growth of bryozoans in the field (O'Dea and Okamura 1999; see Okamura et al. 2011 for further review) There are other factors that influence the ultimate size of zooids, the most obvious being species-specific colonial growth rules, such as the production of annual growth check lines (O'Dea and Okamura 2000b, O'Dea 2005, Okamura et al. unpubl data) , substrate irregularities, predation, and competition from other sessile encrusters, the influence of which can be minimized with the judicious rejection of randomly selected zooids as the approach requires (O'Dea and Okamura 2000a, O'Dea 2005) . Salinity and food availability (Hageman et al. 2009 ) have also been shown to influence zooid size, yet the effects are minimal in comparison with those of temperature (Okamura 1987 , Hunter and Hughes 1994 , O'Dea and Okamura 1999 , 2000b , O'Dea 2005 , O'Dea et al. 2007b . Calculating the CV in zooid size standardizes this relationship among taxa, enabling the collection of common zs-MART estimates from a range of species and genera. Moreover, the method developed here is based on frequency distributions, which should help to reduce the effect of noise in obscuring the signal of interest provided samples sizes are large.
Study Material.-We analyzed zs-MART data obtained from cheilostome bryozoans collected for use in previous studies as well as de novo for the present study (Table 1) . Recent bryozoans from the Gulf of Panama (TEP), the Gulf of Chiriquí (TEP), San Blas (SWC), and Bocas del Toro (SWC) were obtained from dredge and trawl collections between the years 1996 and 2000 (O'Dea et al. 2004 , O'Dea et al. 2007a Fig. 2) . Note that such dredge collections represent time-averaged death assemblages, akin to fossil assemblages from bulk samples (Best and Kidwell 2000) . Fossil bryozoans from Caribbean sites were extracted from Table 1 . Localities, basin (for Recent sites)/geological formations (for fossil localities), latitude (Lat), longitude (Long), median age (and range), time period (Epoch), sample sizes [N = the total number of colonies sampled for zooid-size mean annual ranges in temperature (zs-MART) analysis] and the names of the species from which zs-MART data were collected (number of colonies sampled per species geological bulk samples from outcrops on land to provide a large data set for the Caribbean over time (O'Dea et al. 2007a , O'Dea and Jackson 2009; Fig. 2 ). Fossil bryozoans from the Burica Peninsula (TEP) were collected individually from the Armuelles Formation in March 2011. We also incorporate fossil material hand-picked from geological outcrops in Florida and Virginia, USA (Knowles et al. 2009 ; Fig. 2 ), to present a broader picture of ENSO variability in the Pliocene, to complement the picture gained for the TEP. Some data sets are based on a number of species, while others are based on a single species (Table 1) . Because the zs-MART approach is taxon independent (see above), variation in representation of species and genera should not influence our interpretations.
Ages of all fossil samples are median values of minimum and maximum ages based on microfossils from the sample or interpolated from ages of samples stratigraphically above and below (Coates et al. 1992 , Aubrey and Berggren 1999 , Cotton 1999 , Jackson et al. 1999 , Coates et al. 2004 , 2005 , Leon-Rodriguez 2007 , O'Dea et al. 2007a , O'Dea et al. 2012 .
Data were plotted as frequency distributions of inferred MART values based on zs-MART estimates (rounded to the nearest 1 °C). We plotted these frequencies against a common range for the x-axis (based on the smallest and largest range across the data sets) to enable straightforward comparisons amongst localities. Anderson-Darling tests for normality were conducted to examine whether there is evidence for a central tendency in the distributions. Associated descriptive statistics for frequency distributions were also assembled for comparative insights on typical zs-MART values (mean, median), measure of dispersion (standard deviation) and shapes of distributions (skewness, kurtosis). Tests of skewness and kurtosis were employed to infer shapes of the distributions. We did not adopt a common range for the y-axis (e.g., by plotting as relative frequencies) in our figures of frequency distributions to illustrate directly the data analysed in statistical tests.
zs-MART distributions for ancient environments from the large Caribbean dataset were analyzed by pooling data for zs-MART estimates to generate frequency distributions in several ways. Since one of our primary interests is in using zs-MART estimates to understand climate regimes during the Pliocene Warm Period, we assigned data according to established dates for this period. Thus, we grouped data (as median values) according to a Pliocene Warm Period of approximately 5-3 Ma, consistent with, for example, 4.5-3.0 Ma (Wara et al. 2005) and 5-4 Ma (Watanabe et al. 2011) . Data for other time periods are assigned according to preand post-Pliocene Warm Periods. We also assigned Pliocene data according to the latest revision of the geological time scale by the International Committee of Stratigraphy (Gibbard et al. 2010) into the Zanclean (from 5.33 to 3.5 Ma) and Piacenzian (from 3.6 to 2.58 Ma) stages. During the latter, global mean annual surface temperatures are estimated to have been 2-3 °C higher than the present day (Haywood et al. 2000 , Lunt et al. 2010 . Because the median date of 3.55 Ma assigned to a number of fossil bryozoan colonies was near the Zanclean/ Piacenzian border of 3.5-3.6 Ma we included analyses assigning data for this date to the Piacenzian and the Zanclean for comparative purposes. Data for other time periods were grouped into the Pleistocene and the Messinian and Tortonian stages of the Miocene.
Results
Data for Recent Bryozoans. Table 1 ) and shows a very narrow range, a low degree of variation, and relatively low MART values (range = 1 °C, SD = 0.61 °C, mean = 3.39 °C, median = 3.34 °C; Table 2 ), and is also consistent with a normal distribution (AD = 0.328, P = 0.449; Fig. 3B ).
Inferred MART estimates from both the Pacific sites are distributed across a relatively broad range of values that are typically higher than those characterizing the Caribbean. Thus, the Gulf of Panama distribution shows a range of 8 °C (Table 2) , an associated high standard deviation (SD = 1.96 °C; Table 2 ), relatively high mean and median values (mean = 8.01 °C, median = 7.59 °C; Table 2 ) and is significantly different from normal (AD = 0.951, P = 0.015). The skewness test demonstrated a significant positive skew in the distribution resulting from a number of high MART estimates in the right-hand tail ( Fig. 3C ; legend for Table  2 ). Although based on a small sample size (n = 13), the Gulf of Chiriquí distribution also exhibits a relatively large range, high variability and high inferred MART values (range = 7 °C, SD = 2.60 °C, mean = 5.83 °C, median = 5.55 °C; Table 2 ). The Anderson-Darling test suggests (with borderline significance) that the Gulf of Chiriquí MART estimates are not normally distributed (AD = 0.687, P = 0.055; Fig. 3D ).
Caribbean Fossil Data.- Figure 4 presents frequency distributions of MART estimates for the Caribbean fossil material collected during time intervals according to post-Pliocene, Pliocene, and pre-Pliocene Warm Periods. The material representing the post-Pliocene Warm Period is characterised by a narrow inferred MART range (5 °C), an associated low standard deviation (1.14) and low mean and median values (3.3 and 3.2, respectively) relative to the values for the Pliocene Warm Period and pre-Pliocene Warm Period ( Table 2 ). The distribution is consistent with normality (AD = 0.657, P = 0.082; Fig. 4A ). Material analyzed from both the Pliocene Warm Period and the pre-Pliocene Warm Period provides broader inferred MART ranges (7 °C in both cases), higher associated standard deviations = S/ SES, where S is the sample skewness value and SES is the standard error of skewness: √6n (n−1)/(n−2)(n+1) (n+3). Z K = K/SEK, where K is the sample kurtosis value and SEK is the standard error of kurtosis: 2(SES) √(n 2 − 1)/(n − 3)(n + 5). In both cases critical values are when the test statistics are >2 or < −2. Zs values >2 indicate that the population is very likely skewed positively, those < −2 that the population is very likely to be skewed negatively. Z K values >2 indicate a population with a sharper peak and longer tails than a normal distribution, values < −2 describe a population with a lower and broader peak and shorter tails than a normal distribution (http://www.tc3.edu/instruct/sbrown/stat/shape.htm; and adapted from Cramer 1997). Z S and Z K values that exceed these critical values are indicated by asterisk. n = sample size; SD = standard deviation. The statistics for the Pliocene Piacenzian and Zanclean are according to the alternate assignments of material aged near the boundary (see Methods and ages below).
Distribution
Age ( (2.11 and 2.27 °C, respectively), higher mean (5.6 and 6.5 °C, respectively), and median (6.1 and 7.0 °C, respectively) inferred MART values (see Table 2 ) and nonnormal distributions (Pliocene Warm Period: AD = 1.325, P < 0.005; pre-Pliocene Warm Period: AD = 0.902, P = 0.020; Fig. 4B,C) . The kurtosis test (Table 2) demonstrates significant negative kurtosis (a flatter than normal distribution) for the distribution of the Pliocene Warm Period. However, a skewness value close to zero (−0.06; Table 2 ) provides evidence that values tend to group as mirror images on either side of the centre of the distribution since the data are not normally distributed. This tendency is clear from inspection of the distribution. The pre-Pliocene Warm Period distribution is similar in shape that of the Pliocene Warm Period but the kurtosis test statistic (−1.9) did not quite exceed the critical value (−2.0). Similar patterns were obtained when the data were assigned to a greater number of time bins (Fig. 5) . Thus, Pleistocene material was characterised by a relatively narrow range of inferred MART values, an associated low standard deviation, relatively low mean and median values (Table 2 ) and a distribution consistent with normality (AD = 0.480, P = 0.224; Fig. 3A) . Material analysed from all other time intervals demonstrated relatively broader inferred MART ranges and variability, higher mean and median values ( Table 2 ) and distributions that generally showed no central tendency (AD test results associated with time intervals, Fig. 5 ). The exception to non-normality depended on whether data from the borderline date of 3.55 Ma was assigned to the Piacenzian or the Zanclean. In the former case, the Anderson-Darling test for normality provided a non-significant result for the Zanclean (Fig. 5D,E) . Negative kurtosis characterises the distribution for the Piacenzian stage of the Pliocene (based on 3.55-2.6 Ma; Fig. 5B ( Table 2 , Fig. 5G ). In addition, skewness values close to zero and non-normality for the Piacenzian stage (based on 3.55-2.6 Ma; Fig. 5B ) and the Zanclean stage (based on 4.25-3.55 Ma; Fig. 5E ) provide evidence that values group as mirror images on either side of the centres of the distributions, a tendency that can be seen by inspection of the distributions.
Other Fossil Data.- Figure 6 provides distributions of inferred MART values that characterize oceanographic conditions for the Pleistocene (Armuelles Formation) of the Burica Peninsula (TEP) and Pliocene deposits of Florida (the Tamiami Formation) and Virginia (Yorktown Formation). The three distributions show similar ranges of MART estimates (7, 6, and 7 °C for the Armuelles, Tamiami, and Yorktown formations, respectively; Table 2 ). The distributions for the Armuelles and Tamiami formations are characterised by higher variability (SD = 1.93 and 1.90 °C, respectively) than that of the Yorktown Formation distribution (SD = 1.24 °C). All three distributions share similar mean and median values (mean = 5.9, 6.4, and 6.5 °C; median = 5.8, 6.2, and 6.6 °C for the Armuelles, Tamiami, and Yorktown formations, respectively), and all are consistent with normality (Armuelles Formation: AD = 0.415, P = 0.318; Tamiami Formation: AD = 0.398, P = 0.344; Yorktown Formation: AD = 0223, P = 0.820).
Discussion
Environmental Variability in Present-day Panama.-Our inferred MART estimates for the modern Gulf of Panama depict an environment which experiences the greatest range of annual temperature variation relative to all other times and places characterised in this study. In some years MART estimates indicate an annual temperature variation in the Gulf of Panama of as little as 5 °C, while other years may experience a temperature range of up to 13 °C. The frequency distribution of MART estimates did not conform to normality (Fig. 1A) . These patterns and their magnitude are therefore consistent with what would be expected for an environment subjected to both inter-annual (=ENSO variability) and intra-annual variation in exposure to cold, upwelling, and warm surface waters.
Exactly how ENSO affects the strength of upwelling in the Gulf of Panama remains to be determined, but it is likely that the response to ENSO variability is similar to those observed in the Gulfs of Tehuantepec and Papagayo which also experience wind-jet driven seasonal upwelling in the TEP. In these sites, wind and temperature patterns during El Niño and La Niña oscillation suppress and enhance upwelling respectively (Fig. 3A) can be interpreted to reflect a system that is characterised by ENSO dynamics in the majority of years and relatively few years in which very deep cold upwelling and warm surface waters are both experienced.
Inferred MART values for the Gulf of Chiriquí are lower than those for the Gulf of Panama as expected given the lack of strong seasonal upwelling. Nevertheless, the wide inter-annual variation in temperature regimes (Fig. 3D) , as much as in the Gulf of Panama, can likewise be attributed to ENSO variability. This wide range of zs-MARTs in the Gulf of Chiriquí (3-10 °C) reflects the seasonal vertical migration of the thermocline (D'Croz and O'Dea 2007), which likely occurs closer to surface waters in La Niña years and farther away in El Niño years. This inference requires further exploration given the current dearth of information on seasonal thermal patterns in the region.
Distributions of inferred MARTs from both San Blas and Bocas del Toro (Fig.  3C,D ) reflect the overall low seasonal variation in thermal regimes typical of the Caribbean coast of the Isthmus of Panama Robertson 1997, D'Croz et al. 2005) . Additionally, both distributions reveal little inter-annual variation and conform to normality as would be expected given the absence of significant ENSO variability in the seas of the SWC (Kaufmann and Thompson 2005) In view of these results we conclude that the wide and non-normal distributions of MART estimates characterize Isthmian coastal seas that are affected by ENSO, while normal distributions with relatively low variance apply in areas not influenced by ENSO events. (O'Dea et al. 2007a, Jackson and O'Dea 2013) . All inferred MART distributions for the Mio-Pliocene failed to conform to normality, apart from the one exception from the Zanclean stage, and thus provide evidence that ENSO variability was a permanent feature of Tropical American environments through the Mio-Pliocene.
In contrast, MART estimates for the Caribbean Pleistocene material were relatively low, narrowly distributed and collectively conformed to a normal distribution, suggesting that by this time the Caribbean coast of Panama was warm and stable (O'Dea et al. 2007a ) and did not experience ENSO variability. This pattern was not observed for Pleistocene material from the Pacific coast of Panama (the 0.46-0.26 Ma Armuelles Formation) whose inferred MARTs are distributed across a relatively broad range of values similar to those observed in the present-day Gulf of Chiriquí. The differences in shapes of the two distributions (normality for the Armuelles Formation and non-normality for the Gulf of Chiriquí) suggest some differences in temperature regimes, but the sample size for the Gulf of Chiriquí is small. Ancient Western Atlantic Environments.-To examine further the utility and inferences that may be gained by focusing on frequency distributions of inferred MART values we applied the approach to Pliocene material from the Tamiami Formation of Florida and the Yorktown Formation of Virginia (Fig. 6B,E) . The inferred MART distribution for the Tamiami Formation shows a similar magnitude and range to those characterising the Pliocene material from the Caribbean of Panama. This pattern might be expected for the Tamiami Formation if there were inter-annual variation in the degree of upwelling and hence ENSO variability. Upwelling has been inferred for the Tamiami Formation on the basis of abundant and diverse molluscs (e.g., Allmon 1988 Allmon , 1993 and the presence of cormorant skeletons (Emslie 1992) . However, recent high resolution isotopic and Sr/Ca analyses of gastropods suggests that the nutrient-rich conditions were derived from freshwater inputs (Tao and Grossman 2010) . Salinity may have influenced zooid sizes although available evidence suggests the effect of salinity is roughly half that of temperature (O'Dea and Okamura 1999). Salinity fluctuations alone are therefore unlikely to explain the relatively broad range of MART estimates obtained for the Tamiami Formation. The conformation to normality of these MART values suggests that during deposition, the Tamiami Formation was characterised by exposure to more regular thermal conditions than those experienced by Panamanian Caribbean localities in the Pliocene. The unimodal distribution of inferred MART values for the Yorktown Formation of Virginia is in keeping with an environment subjected to regular colder winter temperatures and higher summer temperatures.
Was There a Permanent El Niño or La Niña in the Pliocene?-Our analyses reject the hypotheses for either a permanent El Niño or a permanent La Niña in the Pliocene TEP. The pervasive ENSO variability in the Caribbean that persisted from 9.0-3.05 Ma demonstrated here can be best explained by oceanographic continuity with the Pacific combined with an ENSO cycle similar to that of today. Our study thus complements recent evidence that rejects a permanent El Niño in the Pliocene based on analyses of monthly-resolved fossil coral skeletons using δ 18 O and salinity proxies >35 yrs of growth in two specimens (Watanabe et al. 2011 ) and coupled climate model simulations that demonstrate ENSO variability in the Pliocene (e.g., Haywood et al. 2007 , Scroxton et al. 2011 , von der Heydt et al. 2011 . These studies contradict those inferring a permanent El Niño in the Pliocene using geochemical and faunal-based estimates of sea surface temperatures derived from foraminifera, alkenones (e.g., Wara et al. 2005 , Fedorov et al. 2006 , and the presence of warm-water molluscs in northern Chile (Ragaini et al. 2008) . Our data, in the same way, reject the lesser supported hypothesis for a permanent La Niña in the Pliocene (Rickaby and Halloran 2005) .
At face value it is curious that our data appear to conflict with inferences of a permanent El Niño in the Pliocene of northern Chile based on molluscan assemblage composition in the Peruvian Province (Ragaini et al. 2008 ). These Pliocene molluscan assemblages are suggested to provide evidence for permanent warm conditions based on their similarity with molluscan assemblages observed today in the Panamic Province. However, since the TEP of Panama is characterised by El Niño variability in the present day, the presence of molluscs typical of this region in northern Chile in the Pliocene in fact is in keeping with our findings. Thus, together our study and that of Ragaini et al. (2008) suggest that the Peruvian Province was warmer in the Pliocene than at present as reflected by the extension of present day Panamanian molluscs into the Peruvian Province and that ENSO variability broadly characterised both Central and South American regions. Unfortunately, at present we lack bryozoan material from the Pliocene of South America to examine this further.
The Caribbean Environment over Time.-Schematic summaries of frequency distribution data reveal how coastal southwestern Caribbean environments have changed over the past approximately 9 million years (Fig. 7) . Pleistocene and present-day environments both have low MARTs with normal distributions in keeping with the seasonally stable warm temperatures of the Caribbean and lack of ENSO variability after the rise of the Isthmus of Panama (O'Dea et al. 2007a ). The slightly wider distribution for the Pleistocene Caribbean may be expected given the much greater time that is almost certainly embraced by our heavily time-averaged fossil samples. The Piacenzian (Pliocene) MART distribution is considerably wider, shows negative kurtosis and evidence of bimodality. This distribution may be explained by (1) the incorporation of samples from times when Pacific upwelling entered the SWC when the Isthmus seaway was open and also from times when modern non-upwelling Caribbean environments had become established after Isthmus seaway closure (O'Dea et al. 2007a ), or (2) a TEP environment experiencing both ENSO events (resulting in low MARTs), but also years that experience both cold upwelling and warm surface waters (resulting in higher MARTs). The wide and non-normal distributions of the Zanclean (Pliocene) and the Messinean (Miocene) stages are indicative of TEP environments consistently subject to ENSO variability since the Isthmus was fully open at these times. The positively skewed distribution of the Tortonian (Miocene) stage suggests an environment in which ENSO events are dominant and relatively few years in which both cold upwelling and warm surface waters are experienced.
Further Developments and Caveats.-Our results provide evidence that data from bryozoan assemblages can be used to infer variation in seasonal regimes. This new method merits further development as a proxy for inferring ENSO variability. The technique has the benefit of being based on many replicate estimates, thus minimizing the influence of error. Nevertheless, the approach would benefit from a more explicit determination of error and resolving power. This could be achieved by obtaining a larger data set of modern bryozoans coupled with associated long-term, in situ, oceanographic data with analysis using randomization approaches to determine minimum sample sizes required for accurate predictions.
The adoption of additional proxies of ENSO variability (e.g., growth increment and geochemical data: Rickaby and Halloran 2005 , Wara et al. 2005 , Ivany et al. 2011 , Watanabe et al. 2011 to complement data based on zs-MART estimates would of course strengthen studies by providing independent evidence. Furthermore, stable isotope data for bryozoan material would allow assignment of absolute temperatures to the temperature ranges provided by the zs-MART values . Finally, sampling sequential patterns of intra-annual variation in zooid size in longlived bryozoans (e.g., O'Dea and Jackson 2002) could provide a means of characterising complete ENSO cycles.
In conclusion, our study provides a preliminary demonstration of how morphometric analysis of bryozoan assemblages can provide insights on the presence or absence of inter-annual variation in temperature regimes, including those generated by ENSO, and therefore whether ENSO variability pertained during the Pliocene Warm Period. The approach offers a potential alternative means of characterising ENSO variability to analytical techniques, such as stable isotope analysis, which may be prohibitively expensive for characterising large numbers of individuals. When further refined and combined with other proxies, bryozoan-assemblage based zs-MART analysis should produce robust interpretations about past environmental regimes. A more thorough understanding of the dynamics of El Niño during times of climate change in the past will help improve predictions of future environmental change in our warming world.
